A large number of cytokines are active in the joints of patients with rheumatoid arthritis (RA). It is now clear that these cytokines play a fundamental role in the processes that cause inflammation, articular destruction, and the comorbidities associated with RA. Following the success of TNF-α blockade as a treatment for RA, other cytokines now offer alternative targets for therapeutic intervention or might be useful as predictive biomarkers of disease. In this Review, we discuss the biologic contribution and therapeutic potential of the major cytokine families to RA pathology, focusing on molecules contained within the TNF-α, IL-1, IL-6, IL-23, and IL-2 families.
Introduction
RA is a chronic autoimmune disease with 1% prevalence in the industrialized world. It comprises a syndrome of pain, stiffness, and symmetrical synovitis (inflammation of the synovial membrane) of diarthrodial joints (freely moveable joints such as the knee) that leads to articular destruction, functional decline, and substantial comorbidity in the cardiovascular, neurologic, and metabolic systems. Therapeutic approaches used previously relied on disease-modifying antirheumatic drugs (DMARDs) such as methotrexate and sulfasalazine that had only partial clinical benefit and were associated with significant toxicity. More recently, biologic therapeutics have revolutionized treatment and have arisen as a consequence of studies aimed at understanding the critical effector pathways operating in the disease. Extensive genetic and pathogenetic studies indicate dysregulation in both innate and adaptive immune compartments. These lead to an elaboration of autoantibody responses and dyslipidemia, which might predate clinical disease onset by up to a decade. Transition occurs thereafter to articular localization via mechanisms as yet unknown, and this leads to chronic synovitis.
RA synovial membrane contains activated B and T cells, sometimes organized into germinal center-like structures, plasma cells, mast cells, and particularly activated macrophages, all recruited via an intense neovascularization process with associated lymphangiogenesis. It is also recognized that host tissue cells (activated synovial fibroblasts, chondrocytes, and osteoclasts) are involved, mediating cartilage and bone destruction as well as feeding back to promote perpetuation of inflammation. The recruitment, activation, and effector function of each of these contributor lineages is directed principally by a network of cytokines ( Figure 1 ).
The role of cytokines in RA
The appreciation of the role played by cytokines in RA pathogenesis reflects (arguably) the most comprehensive analysis of pathologic cytokine function in a chronic inflammatory disease in recent years (reviewed in refs. [1] [2] [3] . The availability of diseased tissue from the pathogenic site (synovial joint) has both facilitated the investigation and enabled identification of the role of key molecules involved in the pathogenesis of this disease. In this Review, we provide a historical perspective outlining those studies that identified the pivotal role of TNF-α in the pathogenesis of RA, leading to the first clinical trials of a biological therapeutic in this disease. Thereafter, looking forward, we address other cytokines that might play a role in the disease, including those contained in the IL-1, IL-6, and IL-23 superfamilies (as members of these cytokine superfamilies are the ones with most information available), together with selected cytokines that bind a receptor containing the common γ-chain (γ c ). Importantly, the nature of rheumatoid disease has changed since both authors started their studies more than 20 years ago. This resulted in part from more aggressive intervention initiated earlier and is reflected in improved functional outcomes and reduced erosive progression manifest in fewer arthroplasties (joint replacements). Importantly, RA synovial tissue that is now obtained for ex vivo analysis is generally less cellular and inflammatory than previously analyzed tissue (authors' unpublished observations). Furthermore, because it is obtained from joint replacement surgery from "end-stage" disease, it might not be useful for identifying factors important in the early phases of disease. These facts have implications for identifying novel targets in this disease and might also contribute to the differences recently observed between results of studies in vitro and in mouse models and those on human diseased tissue. Nevertheless, we propose that novel therapeutic targets and further improvement in outcomes might be offered by continued elucidation of the effector biology of cytokines.
TNF-α and structurally related cytokines TNF-α was identified in 1975 as the factor in serum isolated from endotoxin-treated mice that induced necrosis of a methylcholanthrene-induced murine sarcoma (4) . It soon became apparent that TNF-α had other effects, including the ability to induce signs and symptoms of shock and multiorgan damage (5) via proinflammatory effects on vascular endothelium (reviewed in ref. 6 ). The demonstration that TNF-α played a key role in RA followed from the demonstration of its potential to degrade cartilage (7) and bone (8) in vitro. Moreover, it was shown using dissociated RA synovial mononuclear cell cultures that TNF-α and several other proinflammatory cytokines, including IL-1 (9), IL-6 (10), GM-CSF (11), and IL-8 (12), were spontaneously and chronically produced over a five-day culture period (13, 14) . Importantly, if TNF-α bioactivity was blocked in these cultures, the spontaneous production of both IL-1 protein and IL1B mRNA was markedly reduced and IL-1 bioactivity was neutralized (13) . This suggested that the presence of many of these cytokines was not random, but that a network or hierarchy controlled their expression. Consistent with this idea, it was subsequently shown that blockade of TNF-α also inhibited the spontaneous production of GM-CSF (11) (which is important for the induction and maintenance of MHC class II expression on APCs in the synovial fluid and tissue) and the expression of the proinflammatory cytokine IL-6 and the chemokine IL-8 (15) . The pathogenic effects of TNF-α relevant to RA disease are illustrated in Figure 2 .
It was soon shown, using immunohistochemistry, that TNF-α and receptors for TNF-α (TNFRs) (16, 17) were expressed in human rheumatoid joint tissue and, using the collagen-induced arthritis (CIA) model of RA, that administration of an mAb specific for mouse TNF-α after disease onset ameliorated both inflammation and joint damage (18) . Separately, Kollias and colleagues found that transgenic mice expressing the modified human TNFA gene (with replacement of the 5′-UTR regulatory sequences) spontaneously developed peripheral arthritis. This arthritis was characterized by increased human TNF-α protein, joint inflammation, bone erosion, and cartilage destruction (all hallmarks of RA), and disease could be ameliorated with antibodies specific for human, but not mouse, TNF-α (19) . Together these data provided the rationale for developing therapeutics that block TNF-α.
In 1992, the first open-label trial of a TNF-α blocking agent was initiated at the Kennedy Institute of Rheumatology Division, United Kingdom; 20 patients with active RA were treated with infliximab (Remicade), a chimeric antibody specific for human TNF-α. Treatment with infliximab substantially reduced the signs and symptoms of disease, levels of C-reactive protein (CRP) in the serum, and the erythrocyte sedimentation rate (ESR) (20) . This result was confirmed in other multicenter placebo-controlled trials, together with the observation that therapeutic efficacy was enhanced when infliximab was coadministered with methotrexate. This led eventually to FDA approval of the drug for the treatment of RA (21, 22) . Importantly a subsequent two-year trial indicated that this therapy led to retardation or arrest of both joint space narrowing and bone erosion (23) . In addition to infliximab, two other drugs that function as TNF-α blockers are licensed: etanercept (Enbrel), which is a fusion protein comprising human soluble TNFR linked to the Fc component of human IgG1, and adalimumab (Humira), which is a fully human antibody specific for human TNF-α (Table 1) .
TNF-α is now recognized as mediating a wide variety of effector functions relevant to the pathogenesis of RA, including endothelial cell activation and chemokine amplification, leading to leukocyte
Figure 1
Cytokine targets in RA. This figure summarizes the cellular interactions believed to be of importance in the pathogenesis of RA and describes the interaction among macrophages, T cells, B cells, and nonhematopoietic cells (fibroblasts, connective tissue cells, and bone). These interactions are facilitated by the actions of cytokines released from the activated cells that then, through both autocrine (feedback on same cell) and paracrine (via other cell types) mechanisms, induce the production of other proinflammatory cytokines, which together contribute to the pathogenesis of this disease. Based on ex vivo studies from diseased tissue and in vivo studies on animal models, those cytokines with pathogenic potential have been identified and biological therapies developed to block their action. This figure identifies those therapeutic modalities and the stage in clinical development that these interventions have reached. sIL-6R, soluble IL-6 receptor.
accumulation (24) and probably attendant cardiovascular comorbidity (25) ; osteoclast and chondrocyte activation, promoting articular destruction; nociceptor sensitization; impaired cognitive function; and metabolic syndrome (26) . These are all recognized components of the RA disease spectrum and explain the broad effects of TNF-α blockade in patients. Further, therapies targeting TNF-α are now also recognized to be effective in multiple other chronic inflammatory diseases, including juvenile RA (JRA), Crohn disease, psoriasis, psoriatic arthritis, and ankylosing spondylitis (reviewed in refs. 24, 27) .
More recently, attention has turned to the utility of additional members of the TNF superfamily as therapeutic targets (Table 1) . Lymphotoxin-β (LT-β) is detected in synovial membrane cells (of note, LT-β is a cell-associated molecule rather than being secreted from the cell), and its known effector functions, particularly its role in supporting the formation of germinal centers and higher lymphoid organization, suggest that it has a role in the pathogenesis of RA (28) . LTα1β2 and ligand for herpesvirus entry mediator (LIGHT) are both ligands of the receptor for LT-β and have been implicated in the progression of RA. Consistent with a role for LT-β receptor signaling, treatment of individuals with RA with an inhibitor of these two ligands, baminercept (a fusion protein comprising the extracellular domain of the human LT-β receptor linked to the Fc component of human IgG1) resulted in significant clinical improvement in a proof-of-concept study (29) . Other members of the TNF superfamily regulate B cell biology in RA. B lymphocyte stimulator (BLyS; also known as BAFF) and a proliferation-inducing ligand (APRIL) derived from fibroblast-like synoviocytes (FLSs) and mononuclear lineages in the synovium regulate B cell maturation, differentiation, and activation (30) and are thought likely to promote the production of autoantibodies, including rheumatoid factor and antibodies specific for cyclic citrullinated peptide. In a randomized, placebo-controlled phase I clinical trial, treatment of individuals with RA with an inhibitor of BLyS and APRIL, atacicept (a fusion protein comprising the extracellular portion of human transmembrane activator and CAML interactor [TACI], to which both BLyS and APRIL bind, linked to the Fc component of human IgG1) was well tolerated, with preliminary effects on autoantibody expression noted (31) . However, results of a clinical trial in RA with belimumab (an mAb that binds BLyS but not APRIL) were less impressive (32) .
Finally, there is intense interest in modulating the RANKL/ RANK/osteoprotegerin (OPG) pathway. RANKL is expressed by mesenchymal cells such as FLSs and activated synovial T cells in either its membrane-bound or soluble form. It is upregulated in rodent models of RA and in RA synovium. Together with M-CSF, RANKL has a key role in osteoclast formation through its regulation of osteoclast differentiation, maturation, and induction of resorptive activity (reviewed in ref. 33) . Expression of RANKL is regulated by TNF-α as well as other inflammatory cytokines and noncytokine mediators such as PGE 2 (34) . RANKL effector function is modulated by OPG, a soluble decoy receptor also expressed by mesenchymal cells that is present at increased levels in RA synovium (reviewed in ref. 35) . Clinical trials assessing the effects of neutralizing RANKL using a fully human RANKL-specific mAb (denosumab) are ongoing in osteoporosis, metastatic bone disease, and RA, and the phase II clinical trials in RA seem promising with respect to suppressing erosive progression (36) . Together, these data indicate that the TNF superfamily represents a rich source of therapeutic targets with future potential in the treatment of RA.
IL-1 and the IL-1 superfamily members IL-18 and IL-33
As with the TNF superfamily, several members of the IL-1 superfamily have been implicated in the pathogenesis of RA. Paradoxically, this has not as yet provided powerful therapeutics. IL-1α and IL-1β as well as the natural IL-1 receptor antagonist (IL-1ra) are expressed in abundance in the synovial membrane (37) . IL-1α and IL-1β in vitro induce cytokine production by synovial mononuclear cells, prostanoid and MMP release by fibroblasts, catabolism and cytokine production by chondrocytes, and bone erosion by osteoclasts (reviewed in ref. 37 ). Targeting IL-1 and components of the receptor for IL-1 in various rodent models of arthritis is effective in reducing inflammation and particularly articular damage (38, 39) , and when mice engineered to express human TNF-α were TNF-α actions relevant to the pathogenesis of RA. This figure illustrates the biological actions of TNF-α, which is produced mainly by activated macrophages in the inflamed synovial membrane tissue in patients with RA. The actions of TNF-α perceived to be important in the pathogenesis of RA include its ability to induce the production of other (equally) proinflammatory cytokines, including IL-1 and IL-6, together with its ability to induce the production and release of chemokines that attract leukocytes from the blood into the inflamed tissue. This process is facilitated by upregulation of key integrins and adhesion molecules, including E-selectin and VCAM-1, on endothelium. Finally, the destruction of the underlying articular cartilage and subchondral bone is initiated by the induction of proteolytic and metalloproteinase enzymes, which bring about the destruction of the underlying cartilage, and the initiation of osteoclast resorptive activity, which brings about the destruction of the subchondral bone. SDF-1, stromal cell-derived factor-1.
crossed with IL-1-deficient mice, although synovial inflammation still occurred, significantly reduced bone erosion and osteoclast formation was observed (40) . Further, IL-1ra-deficient mice develop spontaneous arthritis, mediated in part through amplification of Th17-dependent inflammation (41) . Together these data led to the notion that IL-1 blockade would be advantageous in the context of RA, particularly with regard to articular damage. Thus far, however, clinical outcomes have been disappointing. Anakinra (a recombinant, nonglycosylated version of human IL-1ra) reduces measures of inflammation and suppresses bone erosion in patients with RA but does so with reduced magnitude compared with agents that block TNF-α (42) . Newer approaches to IL-1 neutralization, including antibodies specific for IL-1, IL-1 TRAP (IL-1 receptor:Fc fusion), and antibodies specific for the receptor for IL-1 remain in clinical trial ( Figure 1 and Table 1 ). Until the outcomes of such studies are known, the long-term utility of targeting this pathway for the treatment of RA remains unclear.
IL-18 (another member of the IL-1 superfamily) is detected in RA synovium (reviewed in ref. 43) , its blockade in rodent models of RA using neutralizing antibody or IL-18-binding protein delivery (a soluble IL-18R that blocks IL-18 function) is effective, and IL-18-deficient mice exhibit ameliorated CIA (44, 45) . IL-18 is currently being targeted in phase I clinical trials (46) . Recently, interest has arisen in IL-32 (originally known as NK4), which was discovered as an IL-18-inducible inflammatory cytokine in epithelial tissues (47) . IL-32γ (one of the four splice variants of IL32) is expressed by synovial macrophages and promotes PGE 2 and cytokine synthesis in vitro (48) . In vivo, IL-32 induces TNF-α-dependent articular inflammation but TNF-α-independent matrix degradation (49) . Notably, synovial expression correlates with local TNF-α and IL-1β levels and with ESR, suggesting a role in the pathogenesis of RA (48) .
Recently, IL-33 (also known as IL-1F11) has been identified as a novel IL-1-like cytokine on the basis of its structural and functional similarities to other IL-1 family members (50) . 
IL-6
IL-6 was identified in 1986 as a B cell regulatory factor and is now recognized as mediating pleiotropic functions; these include effects on the maturation and activation of B and T cells, macrophages, osteoclasts, chondrocytes, and endothelial cells and broad effects on hematopoiesis in the bone marrow (reviewed in ref. 3) . It is likely the primary driver of the hepatic acute phase response in RA and is implicated directly in the anemia of chronic disease through induction of hepcidin. Il6 deletion protects DBA/1 mice from CIA (3), and neutralization of IL-6 using antibodies specific for either the cytokine or the α-chain of its receptor (IL-6R) ameliorates disease (53) . IL-6 signals via both chains of its heterodimeric receptor, which is composed of gp130 and IL-6R, and the signaling pathways initiated by both receptor components offer therapeutic utility (54) . Pioneering studies targeting IL-6R were conducted by Nishimoto and colleagues and demonstrated significant suppression of inflammation and clinical disease activity (55, 56) . The pivotal proof of concept for a critical role for IL-6 in the pathogenesis of RA is provided by clinical trials, now at phase III, in which tocilizumab, a humanized mAb specific for IL-6R, has been shown to suppress disease activity and erosive progression in patients with RA that is resistant to traditional DMARDs (57) ( Table 1 ). This mAb is also useful in the treatment of systemic JRA (58) and Castleman disease (59) and is likely to offer broader utility as clinical trials expand to other diseases (reviewed in ref. 60 ). The toxic effects of this strategic approach remain under investigation, particularly with respect to cardiovascular safety. The place of IL-6 blockade in the therapeutic paradigm remains unclear, because the indications for which it will be licensed are pending. Efficacy in individuals with RA who fail to respond to drugs that block TNF-α has been demonstrated, and thus drugs blocking IL-6 will likely provide a useful adjunct to the pharmacologic armamentarium. (65), other laboratories (including our own) did not find increased levels of functional IL-12p70 heterodimeric protein in individuals with RA. The role of IL-12 in the pathogenesis of murine CIA is more convincing. Indeed, IL-12 can replace Mycobacterium tuberculosis when immunizing DBA/1 mice with type II collagen, resulting in severe arthritis that is associated with enhanced IFN-γ production (66) . Further, the severity of arthritis in this model is attenuated with antibodies specific for the p40 subunit of mouse IL-12 (67), although continued treatment in established CIA exacerbates disease (68) . Therefore, IL-12 (like IFN-γ; ref. 69 ) has a regulatory role in mouse CIA, with the potential for an early proinflammatory and late antiinflammatory effect.
It was hypothesized subsequently that the autoimmune actions of IL-12 were in fact attributable to the newly discovered cytokine IL-23. This is also a heterodimeric cytokine composed of a unique p19 subunit and the p40 subunit component of IL-12 (70) . IL-23 is secreted by activated DCs and macrophages (71) and binds to memory T cells, NK cells, macrophages, and DCs (72) . Like the cytokines, the heterodimeric receptors for IL-12 and IL-23 share a component, IL-12Rβ1, with IL-23R being the unique subunit of the receptor for IL-23 (73) . The rationale for assuming a role for IL-23 (and not IL-12) in CIA was the observation that both mice lacking IL-23p19 (and therefore lacking IL-23) and mice lacking IL-12p40 (and therefore lacking both IL-12 and IL-23) were protected from EAE and CIA, whereas mice lacking IL-12p35 (and therefore lacking only IL-12) developed more severe disease (72, 74, 75) .
Whereas IL-12 induces the development of Th1 cells that secrete IFN-γ, IL-23 binds to memory T cells and induces the proliferation of a newly described subset of memory T cells, known as Th17 cells, that produce IL-17A, IL-17F, IL-6, TNF-α, GM-CSF, and IL-22 (76, 77) (see below). Evidence that IL-23 might be important in human inflammatory diseases was shown in psoriasis and Crohn disease, where the p19 and p40 subunits of IL-23 were found to be expressed in affected, but not unaffected, skin (78) and inflamed intestinal tissue (79, 80) . A recent genome-wide study showed that the gene encoding IL-23R had a highly significant association with Crohn disease and ulcerative colitis (81) , although no associations with the genes encoding IL-23p19, IL-12Rβ1, and IL-12p40 were identified. In contrast to animal studies (67-69, 82, 83) , there have been a limited number of studies in human arthritis. The published data indicate abundant IL-23p19 mRNA and protein but low levels of bioactive IL-23 (84) (85) (86) . Further, we have recently explored the expression of IL-23 in patients with RA and also found low (but functional) levels of bioactive IL-23, although this was predominantly cell associated (P. Hillyer, M. Larche, and F.M. Brennan, unpublished observations).
The most recent addition to the IL-12 superfamily is IL-27 (87), a heterodimeric cytokine that consists of a subunit homologous to IL-12p40 (known as EBV-induced molecule 3 [EBI3]) and a novel protein, p28. IL-27 is expressed by activated monocytes/ macrophages, binds to a heterodimeric receptor composed of WSX-1 (also known as TCCR and IL-27R) and gp130, and induces the proliferation of naive T cells, promoting Th1 polarization and IFN-γ production while suppressing the development of Th17 cells, at least in mice (88) . Mice defective for WSX-1 showed increased susceptibility to EAE and had higher levels of circulating Th17 cells, indicating that IL-27 might be antiinflammatory (88) . Recently, we have shown that addition of recombinant IL-27 also suppresses CIA in DBA/1 mice and that this is associated with a reduction in the magnitude of antigen-specific Th17 recall responses (89) . However, severity of disease in EAE could be reduced by using IL-27-neutralizing antibodies, suggesting that the role of IL-27 (like that of IL-12 and IFN-γ) can be either pro- or antiinflammatory, depending on the phase of disease.
Downstream effectors of the IL-12/IL-23 family: IL-17 and IL-22
IL-17A is the signature cytokine of Th17 cells and has pleiotropic effects on many cell types, inducing the upregulation of NF-κB, HLA class I, and several proinflammatory cytokines, including TNF-α, IL-1β, IL-6, and GM-CSF (reviewed in ref. 90) . Of relevance to the pathogenesis of RA are the effects of IL-17 in driving osteoclastogenesis, leading to bone resorption (34, 90) .
Support for the importance of IL-17A in RA was provided by the observation that neutralization of IL-17A in mice decreased the severity of antigen-induced arthritis (91) . In addition, the severity of CIA is reduced in IL-17-deficient mice and mice administered IL-17-neutralizing antibodies (reviewed in ref. 92 ). The autoimmune arthritis that spontaneously develops in SKG mice (due to a mutation in the gene encoding ZAP-70; ref. 93 ) also seems to be highly dependent on CD4 + T cells secreting IL-17 (94) . Further, this T cell-mediated autoimmune arthritis does not occur in Il6 -/-or Il17 -/-SKG mice, whereas IFN-γ deficiency exacerbates the disease (95) .
Several years ago, Miossec and colleagues described production of IL17A mRNA and IL-17A-expressing CD3 + cells in the sublining layer of RA synovial tissue by immunohistochemistry (96) . IL-17A protein has been also been detected in RA synovial fluid and synovial membrane culture supernatants and acts in synergy with IL-1β and TNF-α (34, 96) . Recent reports have agreed with these observations (97) , although other reports suggest that IL-17 is not so abundant (98, 99) . Interestingly, recent work suggests that CD4 + CD28 -cells (reviewed in ref. 100 ) might act as a negative regulator of the differentiation of Th17 cells in RA. It is interesting to note that CD4 + CD28 -cells in synovial fluid were able to produce high levels of IFN-γ, a cytokine that is rarely found in synovial membranes (101) and has been reported to block the differentiation of Th17 cells (102) . Conversely, Th17 cells negatively regulate the expansion of Th1 cells, providing a possible explanation for the paucity of IFN-γ in RA synovial tissue.
Although these studies point to the attractiveness of IL-17 as a therapeutic target in RA, it is unclear from these studies where Th17 cell differentiation occurs and what factors are critical for these cells to differentiate in vivo. The cytokines required for human Th17 cell development have been the subject of much debate. There is general agreement on the factors required for the generation of mouse Th17 cells, with TGF-β plus IL-6 (103-105) (which increases IL-23R expression and allows IL-23 to act as a survival and expansion factor) being necessary (102, 103) . Initial studies suggested that TGF-β was apparently not necessary for human Th17 cell development (reviewed in refs. 106, 107) and that IL-23 was sufficient to drive Th17 cell differentiation. However, more recently, TGF-β has been viewed as necessary for Th17 differentiation in humans (reviewed in ref. 108) , and it seems that previous differences were in fact due to technical factors in the assays (serum conditions and/or contamination of the naive T cells with memory T cells).
Clinical targeting of this cytokine axis is now underway and has been focused on psoriasis. Antibody specific for the p40 subunit shared by IL-12 and IL-23 induces substantial reduction in the psoriasis index (which is used to measure the severity of the clinical symptoms of psoriasis) that is sustained beyond the predicted half-life of the antibody, suggesting a true immune modulatory effect (109) . Strategies to specifically inhibit IL-23 and IL-17 are ongoing in psoriasis and in RA using mAbs specific for cytokineunique epitopes. Outcomes are awaited with considerable interest, since these studies will define the optimal therapeutic approach to this cytokine axis. This is particularly the case for targeting IL-17, which is not found at high levels in RA synovium, unlike other cytokines that have been targeted therapeutically, such as TNF-α and IL-6. There is similar interest in blockade of IL-22, which, as discussed above, is produced by Th17 cells, and these data will be critical in confirming the relative contribution of Th17 cells and their products to the pathogenesis of RA.
Cytokines that bind a receptor containing γ c IL-2 was the first cytokine shown to bind a receptor that contains γ c , but this family of cytokines now includes IL-4, IL-7, IL-9, IL-15, and IL-21. Of these, particular attention has focused on IL-15 and, more recently, on IL-7 and IL-21. IL-15 is a four-α-helix cytokine with structural similarities to IL-2; it binds a heterotrimeric receptor that contains a unique α-chain (IL-15Rα), a β-chain that is also found in the receptor for IL-2, and γ c . It is present in the RA synovial membrane, where it drives release of IFN-γ, IL-17, TNF-α, and various chemokines (110, 111) . IL-15 blockade in DBA/1 mice using either a modified form of human IL-15 linked to the Fc component of mouse IgG2a or a soluble fragment of the mouse α-chain of the receptor for IL-15 reduces CIA severity (112, 113) , whereas recombinant IL-15 can amplify disease in the absence of complete adjuvant at immunization. IL-15 has thus far been targeted in RA using a fully human IgG1 antibody specific for human IL-15 (AMG 714). In a phase I proof-of-concept study, IL-15 neutralization was well tolerated and clinical responses were observed (114) . In a phase II, placebo-controlled study, similar trends toward efficacy were observed (I.B. McInnes, unpublished observations). This pathway remains under exploration in further clinical studies (Table 1) .
Preclinical data are also emerging for an inflammatory role for IL-7 in RA synovitis. Thus, IL-7 is detected in low concentrations in blood (115) and the synovial membrane, and addition of IL-7 to synovial cultures is proinflammatory (116, 117) . IL-7 amplifies the effects of interactions between T cells and macrophages (117) , is implicated in lymphoid neogenesis, and has been shown to modify chondrocyte function (118, 119) . It promotes osteoclastogenesis via a RANKL-dependent pathway (120) . Persistent IL-7 expression has been detected in patients with RA following TNF-α blockade, suggesting some autonomy from TNF-α-dependent regulation (121) . IL-7 thus remains an intriguing target.
IL-21 represents another family member that is known to be present in the synovial fluid of individuals with RA and that might contribute to the pathogenesis of the disease. Thus, IL-21 mRNA and protein are detected in synovial membrane, and addition of IL-21 to synovial T cell cultures induces activation and cytokine release (122, 123) . Neutralization of IL-21 in synovial cultures suppresses TNF-α, IL-1, and IL-6 release (124) in a manner comparable to IL-15 blockade. Furthermore, in the CIA model of RA, disease was ameliorated in DBA/1 mice by administration of a fusion protein comprising the extracellular domain of IL-21R linked to a modified form of the Fc component of mouse IgG2a (125) . These data as well as the emerging critical role for IL-21 in human Th17 cell differentiation mandate further studies of the biology of this cytokine in the context of synovitis.
Concluding remarks
RA remains a formidable clinical problem despite the remarkable advances of recent years. Progressive articular damage (radiographic progression), functional decline, and risk of comorbidities remain for a substantial proportion of patients. Crucially, there is as yet little evidence that we can reestablish immunologic tolerance and hence aim for drug-free remission on a regular basis. Drug responses and toxicities remain idiosyncratic, with few reliable biomarkers for prognostic or therapeutic purposes yet available. The foregoing discussion, although necessarily selective, has focused on cytokine activities that are either established as therapeutic targets for the treatment of RA (Figure 2 and Table 1 ) or offer plausible biology and encouraging preclinical and/or clinical data. We believe that they provide significant opportunity for therapeutic advancement that can directly address these unresolved clinical hurdles. Whereas cytokines are now firmly established as therapeutic targets, with blockade of TNF-α providing a benchmark for the development of new therapies, it is harder to define what constitutes a "good" clinical target from preclinical modeling. This reflects in part the predictive inadequacy of rodent models of RA but also a failure to fully understand the interactions that subserve cytokine networks in vivo. Since the components of these networks can now be readily measured simultaneously using multiplex or proteomics-based platforms, these issues can now be addressed directly in disease-associated tissues. Further challenges remain. Although blockade of TNF-α is beneficial, it is not curative and its effects are only partial, and nonresponses are common. Moreover, loss of effect has been observed in most therapeutic registries. In particular, it will now be essential to recognize that distinct cytokines most likely mediate discrete effects at different disease stages, and thus, there may be optimal targets defined by the relative disease stage of intervention. This assertion is not yet based on good evidence, and detailed studies of early disease are essential. However, the recent BeSt trial revealed that several patients with early RA receiving infliximab with methotrexate were able to stop and remain off infliximab (if they reached a low disease activity state without subsequent disease flare) (126) . Remarkably, a proportion of patients remained in clinical remission for up to 4 years, with a small number (14%) being totally drug free (i.e., not being treated with DMARDs) (126) . Such early intervention might eventually rely not only on biologic agents, but also on small molecule entities with bioequivalent properties, which we believe will emerge in due course and change practice once again. Similarly, cytokine patterns will offer rich biomarker opportunities and will play a part in the introduction of personalized medicine strategies. Finally, and crucially, the increasing number of cytokine inhibitors now available provides an invaluable tool to define disease pathogenesis, in turn leading to rational design of novel therapeutics in years to come.
Note added in proof. After this article was accepted for publication, Biogen Idec announced in an October 9, 2008 , press release that the company will discontinue development of baminercept as a therapeutic for RA because its phase II clinial trial did not meet its primary endpoint.
